In the present study, we investigated the infl uence of exogenous estrogen on embryo survival after transfer into prepubertal gilts in which estrus had been induced. In the fi rst experiment, estrus was induced in prepubertal gilts by the administration of 1,000 IU of eCG and 750 IU of hCG every 72 h. Several blastocysts were recovered on d 6 (d 0 is the day of hCG administration), and 1 embryo was transferred to the tip of 1 side of the uterine horn on d 6 (Control). In treated groups, after embryo transfer, 5 mg of estradiol benzoate (EB) was administered on d 11 (EB5mg-1) or d 11, d 13, and d 15 (EB5mg-3) or d 11, 12, 13, 14, and 15 (EB5mg-5) or 20 mg of estradiol dipropionate (EDP) was administered on d 11 (EDP20mg-1) or d 11 and d 14 (EDP20mg-2). Autopsy examinations were performed on d 53 to 60. Although nontreated gilts did not become pregnant, gilts in each of the estradiol-treated groups became pregnant. The greatest pregnancy rate (77.8%, 7/9) was obtained with EDP20mg-2 (EDP20mg-2 > control: P < 0.05). In a second experiment, 1 blastocyst was transferred to prepubertal gilts and treated with EDP20mg-2. Pregnancy in recipient pigs was confi rmed by ultrasonography, and pigs were allowed to farrow. Embryo survival rate was high on d 30 of pregnancy (75%, 9/12) but had a tendency (P = 0.0995) to decline from d 30 to delivery (33.3%, 4/12). In a third experiment, prepubertal gilts were administered 5 mg of EDP on d 11 (EDB5mg-1) and d 11 and d 14 (EDP5mg-2). Autopsy examinations were performed on d 53 to 58. Pseudopregnancy rate was high for EDP5mg-2 (63.6%, 7/11) compared with EDP5mg-1 (0%, 0/11; P < 0.05). In a fourth experiment, prepubertal gilts were transferred 1 blastocyst and treated with EDP5mg-2. Pregnancy was confi rmed in recipient pigs by ultrasonography, and pigs were subsequently allowed to farrow. Embryo survival rate remained unchanged from d 30 of pregnancy to delivery (66.7%; 8/12). One piglet died from dystocia, and 1 suffered from deformity involving double-breasted hooves and died 6 d after birth. There was no difference (P > 0.05) in survival rate on d 30 of pregnancy and weaning (50%, 6/12). Body weight at birth and at weaning did not differ from that reported in previous studies. In conclusion, this study showed that EDP5mg-2 treatment during early pregnancy leads to full-term development of a single embryo.
INTRODUCTION
In pigs, it is generally assumed that maintenance of pregnancy becomes diffi cult if 2 (Oguri, 1990) to 4 (Polge et al.,1966) embryos do not exist in the intrauterine cavity during early pregnancy. Consequently, only a limited number of embryos are likely to develop to term, even if they are normal embryos. Porcine embryos undergo marked morphological changes between d 10 and 16 of pregnancy (Anderson, 1978 , Geisert et al., 1982a . These embryos also produce estrogens that alter the direction of PG F 2 α movement and lead to the prolonged maintenance of corpora lutea, a mechanism necessary for the establishment of implantation (Perry et al., 1973; Bazer and Thatcher, 1977; Gadsby et al., 1980; Geisert et al., 1982b ).
An earlier trial aiming to clone porcine embryos using estrogen treatments was unsuccessful in producing piglets . However, the effect of estrogen administration remained undetermined because the developmental potency of the cloned embryos was very low. On the other hand, success-ful pregnancies occurred from gilts in which 3 embryos were transferred concomitantly with estrogen treatments . However, these data were insufficient to confi rm the potential of estrogen treatment to support the development of embryos because the delivery rate (26.3%, 5/19) was very low. Moreover, it has also been shown that gilts transferred with 2 (20%, 5/15) or 3 embryos (66.7%, 4/6) established pregnancy without assistance treatment for embryos (Oguri, 1990) . Therefore, it is important to confi rm the potential for exogenous estrogen to support the development of single embryos with full developmental capability.
In the present study, we confi rmed the effects of exogenous estrogen upon the survival of single embryos transferred into gilts to understand whether the administration of estrogen can assist the survival rates of small numbers of embryos during early pregnancy.
MATERIALS AND METHODS
Animal experiments were conducted according to the International Guiding Principles for Biomedical Research Involving Animals (1985) .
Animals
Four experiments were conducted using 121 prepubertal gilts (153 to 193 d old) of the Duroc and Large White strains. Gilts were kept in individual pens (1.2 m × 2.5 m) with free access to water and were fed a commercial diet (2 kg/d; 14.5% CP, 3,080 kcal/kg DE, and 0.51% lysine) on an ad hoc basis throughout the trial. Gilts were randomly assigned to experiments (Figure 1 ), 101 as recipients and 20 as donors of embryos. Injections were administered intramuscularly into the rump. All experimental pigs were checked daily for estrus, which was confi rmed by placing a boar in an adjacent pen to heighten the signs of estrus and by applying back pressure.
Preparation of Embryos
Prepubertal gilts were injected with 1,250 IU of eCG (Sankyo Yell, Co., Ltd., Tokyo, Japan) followed 72 h later with 750 IU of hCG (Sankyo Yell), and 20 gilts (156 to 198 d old) that had exhibited estrus on d 1 (d 0 is the day of hCG injection) were inseminated artifi cially at 24 h and again at 30 h after hCG injection. These pigs underwent midline laparotomy, and embryos were recovered by uterine fl ushing (Kawarasaki et al., 2009a) . One hundred sixty-six embryos (morula or early blastocyst stage) were recovered on d 6 after hCG injection and were used for transfer experiments.
Hormonal Treatment of Recipients and Embryo Transfer
Prepubertal gilts were injected with 1,000 IU of eCG followed 72 h later with 750 IU of hCG and 101 gilts exhibiting estrus on d 1 were used for experiments. We ensured that we synchronized estrus in pigs used for embryo donation and those used as embryo recipients such that on d 6, embryos could be recovered from donor animals and transferred to recipient animals. Laparotomy was performed on recipients 6 d after hCG administration, and 1 blastocyst within a small amount of PBS containing 10% fetal bovine serum was transferred to the tip of 1 side of the uterine horn located about 2 cm from the utero-tubal junction using a glass Pasteur pipette.
Experimental Design
Four experiments were performed in this study. A summary of experimental designs is given in Figure 1 . Summary of experimental design and treatment groups to test the effects of exogenous estrogen treatment on embryo survival after transfer into estrus-induced prepubertal gilts. EB = estradiol benzoate; EDP = estradiol dipropionate; ↓ = injection of agent; inverted triangle = transfer of single embryo; d 0 = day of hCG injection. In the EB treatment groups, 5 mg of EB was administered to gilts on d 11 (EB5mg-1) or on d 11, 13, and 15 (EB5mg-3) or on d 11, 12, 13, 14, and 15 (EB-5mg-5). In the EDP treatment groups, 20 mg or 5mg EDP was administered to gilts on d 11 (EDP20mg-1 or EDP5mg-1) or on d 11 and d 14 (EDP20mg-2 or EDP5mg-1). No EB or EDP treatments were given in the control group after embryo transfer.
Experiment 1
In the present study, we investigated the potential infl uence of exogenous estradiol upon pseudopregnancy and the survivability of a single embryo during early pregnancy. Two types of estrogenic compounds were used: estradiol benzoate (EB; Sankyo Yell Pharmaceutical Co., Ltd, Tokyo, Japan), 1 of the most popular estrogenic compounds used to control porcine estrus (Guthrie, 1975; Geisert et al., 1987; De Sousa et al., 2002; Lai et al., 2002a) , and estradiol dipropionate (EDP; ASKA Pharmaceutical Co., Ltd., Tokyo, Japan), the effect of which continues for 1 to 2 wk (Vogel et al., 1949) and is known to induce pseudopregnancy in pigs after a single injection (Noguchi et al., 2010) . It follows, therefore, that EDP treatment may be more effective in rescuing a small number of embryos during early pregnancy by reducing the frequency of EB administration. The concentrations of EB and EDP used for the current studies were determined from previous reports (Guthrie, 1975; Geisert et al., 1987; Noguchi et al., 2010) .
Fifty-fi ve immature gilts (161 to 193 d old) were used in this experiment. After 1 blastocyst was transplanted on d 6, EB or EDP was injected. In the EB treatment groups, 5 mg of EB in 2.5 mL of sesame oil supplemented with 20 mg/mL benzyl alcohol was administered to gilts on d 11 (EB5mg-1, n = 9) or on d 11, 13, and 15 (EB5mg-3, n = 10) or on d 11, 12, 13, 14, and 15 (EB5mg-5, n = 9). In the EDP treatment groups, 20 mg of EDP in 4 mL of sesame oil supplemented with 20% (vol/ vol) benzyl benzoate was administered to gilts on d 11 (EDP20mg-1, n = 9) or on d 11 and d 14 (EDP20mg-2, n = 9). No EB or EDP treatments were given in the control group (n = 9) after embryo transfer.
Recipient gilts were slaughtered on d 53 to 60, and the development of the embryos, uteri, and ovaries was examined anatomically. Recipients that were not in estrus after treatment and had corpora lutea and suffered from edematous uteri were diagnosed as having pseudopregnancy. Recipients that were not in estrus after treatment and had no corpora lutea with limited estrus were diagnosed with having a still ovary.
Experiment 2
Because it was apparent that the EDP20mg-2 treatment achieved the best conception rate in Exp. 1, we aimed to use this strategy to investigate the developmental potential of single embryos to term. Twelve immature gilts (161 to 193 d old) were used for this experiment.
One blastocyst was transferred on d 6, and 20 mg of EDP was administered to the recipient gilts on d 11 and 14. Embryo presence was confi rmed with a supersonic wave image pregnancy diagnosis device (HS-101V, Fujihira Industry Co., Ltd., Tokyo, Japan) on d 30, 40, and 50 after insemination.
Any recipients found not to be pregnant were slaughtered on d 65 to 113, and the uteri and ovaries were examined anatomically, and pregnant recipient pigs were allowed to farrow. Piglets were weaned 3 to 4 wk after birth, and BW were measured each week for 3 wk.
Experiment 3
In Exp. 2, the conception rate was likely to reduce from d 30 (75%, 9/12) to delivery (33.3%, 4/12, P = 0.0995). We suspected that the cause of the reduction in conception rate was due to the high concentration of EDP. Therefore, we examined whether low-concentration EDP (5 mg) treatments prevented the reduction of conception rate in Exp. 3 and 4. The EDP (5 mg) in 1 mL of sesame oil supplemented with 20% (vol/vol) benzyl benzoate was administrated on d 11 (EDP5mg-1, n = 11) or on d 11 and 14 (EDP5mg-2, n = 11) to immature gilts (159 to175 d old). Recipient gilts were slaughtered on d 53 to 58, and uteri and ovaries were examined anatomically.
Experiment 4
The effect of EDP5mg-2 treatment, with which a greater pseudopregnancy rate was obtained in Exp. 3, upon the survivability of a single embryo was examined. Twelve (153 to 173 d old) immature gilts were used in the experiment. One blastocyst was transferred on d 6. After treatment, recipient gilts were observed for estrus every day, and fetal survival was examined with a supersonic wave image pregnancy diagnosis device on d 30, 40, and 50 after insemination. Recipients found not to be pregnant were slaughtered on d 69 to 97, and uteri and ovaries were examined anatomically; pregnant recipient pigs were allowed to farrow. Piglets were weaned at 3 to 4 wk after birth, and BW measured each week for 3 wk.
Statistical Analysis
Data were analyzed with Stat View software (SAS Inst. Inc., Cary, NC). In Exp. 1, Fisher's exact test was used to compare treatments for rate of return to estrus, pregnancy, pregnancy or pseudopregnancy, and quiescent ovaries. In addition, ANOVA followed by the Tukey-Kramer multiple range test was used to compare days of return to estrus among treatments. In Exp. 2, the survival rates of embryos at different developmental stages were analyzed using Fisher's exact test. In Exp. 3, Fisher's exact test was used to compare rates of return to estrus, pseudopregnancy, and quiescent ovaries between animals treated with either EDP5mg-1 or EDP5mg-2. The number of days observed to return to estrus were additionally compared between ani-mals administered with EDP5mg-1 or EDP5mg-2 using a Student's t test. In Exp. 4, we compared the survival rates of embryos at different developmental stages using Fisher's exact test. P < 0.05 was considered statistically signifi cant and a P < 0.10 was considered a tendency.
RESULTS

Experiment 1
In the EB treatments, the rate of return to estrus after treatments decreased with increased frequency of administration. There were differences detected between treatment groups (Control vs. EB5mg-5, P < 0.05; EB5mg-1 vs. EB5mg-5, P < 0.05; Table 1 ). Among the EDP treatments, return to estrus was almost inhibited by just 1 treatment administration. Signifi cant differences were clearly evident (Control vs. EDP20mg-1, P < 0.05; EB5mg-1 vs. EDP20mg-1, P < 0.05, Table 1 ). However, there were no signifi cant differences (P > 0.05) between the average numbers of days to estrus between treatments.
The ratio of pregnancy or pseudopregnancy after EB treatments increased as the frequency of administration increased (Control vs. EB5mg-5, P < 0.05; EB5mg-1 vs. EB5mg-5, P < 0.05, Table 1 ). In EDP treatments, greater pregnancy or pseudopregnancy rates were obtained by 1 (88.9%, 8/9) or 2 (100%, 9/9) administrations of EDP20mg, and differences were detected between treatment groups (Control vs. EDP20mg-1, P < 0.05; Control vs. EDP20mg-2, P < 0.05; EB5mg-1 vs. EDP20mg-1, P < 0.05; EB5mg-1 vs. EDP20mg-2, P < 0.05; Table 1 ). The pregnancy rate was greater (77.8%, 7/9) in the EDP20mg-2 group and was different (P < 0.05) from the control group (Table 1) .
Experiment 2
No gilts returned to estrus after this treatment. Survival rate of the transferred embryos was 75% (9/12) on d 30 of pregnancy and had a tendency for the rate to decline from d 30 to delivery (33.3%, 4/12; d 30 vs. delivery, P = 0.0995). The survival rate on weaning was low (8.3%, 1/12), and signifi cant differences were detected between d 30 and 40 (66.7%, 8/12) of pregnancy and weaning (d 30 vs. weaning, P < 0.05; d 40 vs. weaning, P < 0.05). One of 2 non pregnant gilts experienced pseudopregnancy, and the other had quiescent ovaries (Table 2) .
Three out of 4 piglets died before they were 3 d old. Globe formation failure was observed in 1 piglet. Mean BW (±SE) at birth and weaning were 1.19 ± 0.12 and 3.80 kg, respectively (Table 2) .
Experiment 3
The rate of return to estrus after EDP5mg-1 treatment (81.8%) was greater than that with EDP5mg-2 (27.3%; P < 0.05). Mean (± SE) days to estrus were 32.4 ± 2.5 and 31.0 ± 2.0 with EDP5mg-1 and EPD5mg-2, respectively, and were not different (P > 0.05). Pseudopregnancy rate with EDP5mg-2 (63.6%,7/11) was greater (P < 0.05) than with EDP5mg-1 (0%, 0/11; Table 2 ).
Experiment 4
One gilt (8.3%) exhibited estrus, and the rest did not. Survival rate of the transferred embryos was 66.7% (8/12) on d 30 and did not change before delivery. Three nonpregnant gilts experienced pseudopregnancy. Eight gilts delivered 8 piglets. Of these, 1 died from dystocia, and 1 ) a-c Within a column, values without a common superscript differ (P < 0.05). 1 Control = no estrogen treatments given after embryo transfer; EB5mg-1 = 5 mg of estradiol benzoate in 2.5 mL of sesame oil supplemented with 20 mg/ mL benzyl alcohol (EB) administered on d 11; EB5mg-3 = 5 mg of EB administered on d 11, 13, and 15; EB5mg-5 = 5 mg of EB administered on d 11, 12, 13, 14, and 15; EDP20mg-1 = 20 mg of estradiol dipropionate in 4 mL of sesame oil supplemented with 20% (V/V) benzyl benzoate (EDP) administered on d 11; EDP20mg-2 = EDP administered on d 11 and 14.
2 Number of recipients that returned to estrus after treatment where d 0 is the day of hCG injection. 3 Pregnant = number of recipients with a developmental fetus; Pregnancy or pseudopregnancy = number of recipients with pregnancy or pseudopregnancy (recipients that were not in estrus after treatment, had corpora lutea, and suffered from edematous uteri); Quiescent ovaries = number of recipients that had no corpora lutea with limited estrus. Autopsy examinations were performed on d 53 to 60. Number in parentheses indicates the percentage.
suffered from double-breasted hoof deformity and died 6 d after birth. The remaining 6 piglets grew normally and were weaned successfully. There were no differences (P > 0.05) in survival rate when compared on d 30 of pregnancy and upon delivery (66.7%, 8/12) or weaning (50%, 6/12). Mean (±SE) birth and weaning weight were 1.32 ± 0.14 and 5.83 ± 0.53 kg, respectively.
DISCUSSION
In this study, we demonstrated for the fi rst time that the administration of estrogen during early pregnancy leads to single porcine embryos developing to term. In other words, exogenous estrogens can be substituted for endogenous estrogens produced by embryos that normally assist with the continuation of pregnancy (Bazer and Thatcher 1977; Gadsby et al., 1980; Geisert et al., 1982b) .
In view of our control data (gilts transferred with a single embryo but without hormonal administration), it appears that although a single embryo could cause estrus delay for a short term, it is not suffi cient to cause a longterm delay. The average number of days to return to estrus is approximately 30 d, as shown by both treatments and controls. In cases where long-term pseudopregnancy was not established, the the delay in returning of estrus was approximately 10 d from the last estrus. This fi nding was similar to earlier reports (Guthrie, 1975; Geisert et al., 1987; Pusateri et al., 1996 ) . It is possible that inducing long-term pseudopregnancy would be one of the conditions that leads to the full-term development of single embryos.
To increase the long-term pseudopregnancy rate of gilts, it was necessary to administer 5 mg of EB on d 11 to 15, 5 mg on EDP on d 11 and 14, and 20 mg of EDP once on d 11. It has been reported that 5 to 10 mg of EB administration every day from d 11 to 14 of estrus leads to the inhibition of estrus for longer than 11 d after treatment (Guthrie 1975) . Administration of 20 mg of EDP on d 12 inhibits estrus 15 to 16 d after treatment (Noguchi et al., 2010) ; this particular study proved that a 20-mg EDP treatment was benefi cial in the induction of long-term pseudopregnancy over 50 d after last estrus by only a single injection.
On the other hand, it was demonstrated that the double administration of EDP was effective in aiding the development of a full-term single embryo. Estrogen concentration in the uterine fl uid and serum of pregnant pigs is known to exhibit 2 peaks: 1 on d 10 to 11 and 1 on d 14 to 15 of pregnancy (Robertson et al., 1978; Stone and Seamark, 1985; Spencer et al., 2004) . The administration of estrogen in 2 doses on d 11 and d 14 to 16 (Geisert et al., 1987) or continuously on d 12 to 17 to d 19 (Pusateri et al., 1996) of estrus is known to induce long-term pseudopregnancy. The double administration of EDP in the present study represents a similar change of estrogen in vivo and would be an effective way of maintaining pregnancy and survival in single embryos.
A few of our gilts exhibited quiescent ovaries after treatment. They reacted once to eCG and hCG treatments but, after induced estrus, could not continue with their estrous cycles. In this study, we used prepubertal gilts that were 151 to 193 d old. Gilts of this age are known to be able to respond to eCG and hCG treatment, exhibit induced ovulation (Dial et al. 1984) , and maintain pregnancy (Henning and Davis, 2003) . The number of gilts 3, values without a common superscript differ (P < 0.05). 1 EDP20mg-2 = 20 mg of estradiol dipropionate in 4 mL of sesame oil supplemented with 20% (vol/vol) benzyl benzoate administered on d 11 and 14; EDP5mg-1 = 5 mg of estradiol dipropionate in 1 mL of sesame oil supplemented with 20% (vol/vol) benzyl benzoate administrated on d 11; EDP5mg-2 = 5 mg of estradiol dipropionate in 1 mL of sesame oil supplemented with 20% (vol/vol) benzyl benzoate administrated on d 11 and 14.
2 Number of recipients that return to estrus after treatment where d 0 is the day of hCG injection.
3 Pseudopregnancy = number of recipients with corpora lutea, suffering from edematous uteri, and not in estrus after treatment; Quiescent ovaries = number of recipients that had no corpora lutea with limited estrus upon autopsy. 4 Number of recipients that had a developmental fetus at ultrasound examination on d 30, 40, and 50 and numbers of piglets on delivery and weaning.
exhibiting quiescent ovaries was low and did not represent a factor that could infl uence our present results. A dose of 5 mg is likely to be more suitable than 20 mg in double-EDP administration for embryo development. The survival of single embryos tended to decrease from d 30 to delivery in double 20-mg EDP administration, whereas this tendency was not detected in double 5-mg EDP administration. The dose adopted was based on a previous study (Noguchi et al. 2010) in which sows were treated to control the estrous cycle. The concentration used was a little greater for gilts in the present study. Two injections were needed to maintain long-term pseudopregnancy and pregnancy of 1 embryo during 5-mg EDP treatment; however, it is much more effective to curtail treatment efforts and animal stress than to use a treatment of 5 mg on 5 occasions.
Cloned pigs were produced previously via somatic cell nuclear transfer (Betthauser et al., 2000; Onishi et al., 2000; Polejaeva et al., 2000; Shibata et al., 2006) , a discovery that permits the preservation of genetic resources and the production of transgenic pigs (Lai et al.,2002a,b; Ramsoondar et al., 2003) . Nevertheless, the success rate of cloning in special cases such as the production of knockout pigs remains low. Cotransfer of parthenogenotes leading to single embryos developing to term (Kawarasaki et al., 2009a ) remains a very useful method for the production of cloned piglets (Kawarasaki et al., 2009b) , whereas the production of parthenogenotes does require signifi cant effort. A simple and effi cient method to produce a small number of embryos developing to term therefore would be very benefi cial.
Our present studies certainly showed that exogenous estrogen could assist in producing a small number of single porcine embryos with full development capability. It is important that the effect of exogenous estrogen was confi rmed by using pigs into which single embryos were transferred. The effect of estrogen treatment in pigs in which cloned embryos or several embryos were transferred remains uncertain, particularly in terms of developing capability and multiple developing embryos without the support of exogenous estrogen (Oguri, 1990) .
In conclusion, the present study confi rmed that double 5-mg EDP treatment during early pregnancy leads to the full-term development of a single embryo. This treatment represents signifi cant potential to assist with the development of a small number of single porcine embryos.
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